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Collective excitations in liquid para-H,: A neutron polarization-analysis study
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Neutron time-of-flight spectroscopy combined with polarization analysis has enabled the experimental sepa-
ration of the coherent and spin incoherent contributions to inelastic scattering from liquid para-hydrogen. The
results from this experiment are analyzed in terms of self and distinct molecular contributions and extend the
range of the observed distinct response beyond the wave numbers corresponding to the first peak in the static
structure factor of the liquid. The collective response is adequately described in terms of two damped harmonic
oscillators. While the observed wave number dependences resemble acoustic longitudinal and optical branches
in long-range-ordered systems, the possibility of a multiexcitation origin for the higher-energy branch cannot
be ruled out on the basis of the present experimental evidg86&63-182099)13101-]

[. INTRODUCTION catalyzers to accelerate the attainment of the equilibrium
composition corresponding to the chosen temperature in the
Despite the facts that inelastic neutron scattering has lontjquid range yields ortho-para mixtures where any significant
been established as a powerful set of techniques to prokiatermolecular interactions are isotropic but which are still
condensed matter, and that the conceptual framework praufficiently rich in the first kind of molecules to give rise to
vided by van Hove correlation functichsconstitutes a  a significant degree of incoherent scattering. As a direct con-
unique theoretical tool for the study of disordered systemssequence, in conventional neutron inelastic-scattering stud-
the knowledge gained by this standard approach to the coles, i.e., without polarization analysis, the collective dynam-
lective dynamics of the lightest molecular liquid has beenics are observed not only through their contribution to the
rather limited. From the experimental point of view, the dif- coherent dynamical structure fac®y,(Q,E), but also pro-
ficulties stem from the coexistence at low temperatures of thfected on the individual contributions of the molecules con-
two varieties of H molecules: para-§ (even rotational stituting the incoherent structure fact8y,.,(Q,E). The re-
quantum numbers, antisymmetric molecular nuclear spin sult is complex spectra and a correspondingly high
states|=0) and ortho-H (odd J, symmetric molecular uncertainty in the conclusions drawn from the analysis.
nuclear spin statd,=1). In the liquid phase, once the equi- In a liquid mixture enriched in para-tusing line-shape
librium state is reached the amount of orthe-Will range  analysis and proposing a model 18¢,(Q,E), we have re-
from less than 10%% atT=13 K to 4% atT= 32 K. Inthe  cently reported the dispersive behavior of collective excita-
absence of catalyzers and at liquid temperatures, this equiions of longitudinal acoustic character and the existence of a
librium is reached with a characteristiceltime of the order second contribution to the scattering at higher excitation en-
of 190 h and any observation extending over that period oérgies whose nature could not be determined
time, such as neutron inelastic scattering experiments, wouldnambiguously. These latter results are obtained by three-
actually correspond to a system with changing compositionaxis spectrometry with unpolarized neutron beams and fol-
Moreover, given the difference in the molecular nuclear spirow earlier efforts to characterize the dispersive behavior and
states and given the disparity in the neutron-scatteringhe range of existence of collective excitations in this lidtid.
lengths for the singlet and triplet neutron-proton compouncdeven though the liquid hydrogens are relatively close to the
states, the scattering cross sections for neutrons with incideuantum limit in their translational degrees of freedom, as-
energies above 14 meV by mixtures containing even 1%uming that the individual molecules behave as distinguish-
ortho-H, have an overwhelming spin-incoherent componentable particles that obey Boltzmann statistics in the liquid
Since the degree of anisotropy of the intermolecular potentigbhase allows the partition of the coherent and incoherent
depends strongly on the quantum numbeto the point of dynamical scattering functions inwelf S(Q,E), anddis-
altering significantly the depolarized light scattering belowtinct, Sy(Q,E), molecule components. The uncertainty
E=10 meV? such observations are not acceptable to dravplaced on our previous results by the lack of direct experi-
conclusions on the physics of the system and neutromental access t&;(Q,E) can be alleviated by the use of
inelastic-scattering measurements on this liquid close to theeutron classical polarization analysis, as was early
quantum limit and holding anisotropic interactions are stillrecognized. The ability of this technique to discriminate be-
out of the present limits of the neutron technique. The use ofween coherent and spin-incoherent scattérican be ap-
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plied advantageously to the study of the liquid hydrogen atx =3.08 A). The instrument combines time-of-flight neutron
oms as will be discussed below. The recourse to polarizatioenergy analysis with a multidetector and supermirror polar-
analysis, however, is not free from a number of trade-offszation analysis and has been described in detail béfore.
apart from the obvious one of the loss of beam intensityThe fundamentals of the method employed for the separation
Presently, there is a very small number of neutron inelastiof coherent and spin incoherent neutron scattering in this
spectrometers combining time-of-flighffOF) techniques type of instrument have been derived in Ref. 14 in the
and polarization analysis. The use of supermirror polarizersbroader context of the separation of nuclear and magnetic
in these devices also places a further restriction on the rangsontributions to the scattering. The complete set of measure-
of incident energies for which polarized beams are availablenents includes the determination in the same experimental
and the result is a limited coverage of th@,E) space. For setup of ( denotes the scattering angl€i) the spin-flip

our particular application, however, the existing experimen+atio of the polarization analysis setup using a purely coher-
tal window seems adequate both on the basis of the results eht and diffuse scatteréquartz glass rodwithout time-of-

our previous study and from the theoretical standpoint. Thdlight energy analysisR(¢); (ii) spin-flip, Isg(¢,t), and
quantum variational prediction for the wave number depennon-spin-flip, Iyse(¢,t), scattering intensities from the
dence of the elementary excitatiofdispersion relationof ~ sample and backgrour(@ith TOF energy analysjs(iii ) the

this liquid near the triple point availaflavithin the corre-  determination of the scattering intensity from the sample and
lated density matrix approach predicts the existence of &ackground without analyzer stagd®,t), (with TOF en-
minimum in the dispersion relation ne@=2 A~!, which ergy analysiy and(iv) calibration measuremen¢ganadium
resembles the well-known “roton” minimum in liquidHe.  normalization runs As described in Ref. 13, and after back-
ground subtraction and vanadium normalization, the cor-
rected sample spin-flip,I$¥'(4,t), and non-spin-flip,

cor

Il. EXPERIMENTAL PART ] N >t
nse (¢, 1), scattering intensities are calculated from

A. Sample preparation

The H, sample enriched in para,Hvas prepared from 199 (p,t) = g b, t) — 1 [nse(é:t) —1se( b, 1)1,

high-purity commercially availabléAlphagaz N99 H, gas. R(¢)—1

The gas was condensed over IONEX O-P catalgsailable (1)
from The IONEX Research Corporation, Broomfield, Colo- 1

rado kept at a temperature of 15 K in the bottom of an corr _ n _

aluminum sample container placed inside a cryostat. The fer- NSH U= Inse(4,0) R(¢)—1 [Inse( & D)= Is( 4. D]
ric oxide catalyst accelerates the conversion process of the (2

initially normal mixture of  to a composition close to the These corrected scattering intensities comprise, however, a

equilibrium concentration at the experimental temperatur(?_leutron wavelength transmission efficiency factor from the
0, - . .
(99.98% para-b). The measurements were performed at aanalyzer stageA(¢,t), which cannot be determined by the

terr]rjpherature of 16d.K under Isa(;[urat_?d \]{%p(c));?pres;ure frorHuartz glass spin-flip ratio determinations and which has to
which a corresponding sample density of 9. MOVWAS o estimated if the actual spin-flip and non-spin-flip contri-
inferred from equation of state dataAn independent ex- butions from the sample are to be obtained:

perimental check of the quoted orthg-ldoncentration can

be obtained by comparison of the energy-integrated spin-flip COMT( 1tV = A( b.t) S2MPIE o t 3
intensities at low scattering angles from the sample and the SF (AD=ASDISER A, ®
known amount of Al in the empty container. As in our pre- ;C\f’sré(¢,t)=A(¢,t)|SN%"EWWJ)- )

vious study and in order to reduce neutron multiple scatter-
ing, the cylindrical cell(1.5 cm diameter, 5 cm heightvas  To circumvent this problem, it is helpful to consider that the
divided into five shorter cylinders of approximately 1 cm sample scattering intensity without polarization analysis,
height by means of the insertion of Cd spacers lying paralle| (¢,t), actually contains the sum of the spin-flip and non-
to the instrument scattering plane. The ortho-para conversiogpin-flip scattered intensities without the effect of the

catalyst was masked by means of a Cd strip attached to thgavelength-dependent transmission coefficient,
bottom of the cell. Particular attention was paid to the ab-

sence of magnetic materials in the sample environment (1) =12"PIT 1) + 12T 5, 1), (5)
which could alter the polarization state of the neutrons by .

continuously monitoring the flipping ratio of the throughgo- SO that if the wavelength-dependeXt¢,t) factors are can-
ing beam? Background measurements correspond to meaceled by defining the experimental ratios

surements taken once the sample container was evacuated

from its hydrogen content, but with the rest of the sample Ree(hit) = SF (1) ®)
. : sel@.l)= '
experimental setup in place. 1597 (b, ) + 152 b, 1)
B. Instrumental details and polarization analysis methodology 1S9 1)
' in thi g Rnse(@.t) = , (7)
The experiments reported in this paper have been per SO 1)+ 1L 1)

formed on the D7 spectrometer at the Institute Laue-
Langevin (Grenoble, Frangewith an incident neutron en- then the sought experimental magnitudes can be obtained
ergy E;=8.60 meV (equivalent to a neutron wavelength of from
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Ig?:mpli(ﬁ,t):RSF(¢,t)I(¢,t)' (8) S(QE) ()- ‘Jﬂlarb,units]
8.0
ISP 1) = Ryse( ,1)1 (,1). (9)

6.0
The experimental magnitudé§2™P'{¢,t) and ISAmP'Y 4,t)

can be transformed to ap(E) grid and then corrected for
multiple-scattering and sample absorption effects using a
modified version of thebiscus Monte Carlo simulation 4.0
program®® A subsequent transformation to ®,E) grid is
performed so that data analysis can proceed with magnitudes
directly proportional to the dynamic scattering functions, 20|
which we shall denote bpsHQ,E) and SysHQ,E). The
relation of the latter with the dynamic scattering functions
introduced in the preceding section will be discussed in Sec.
[l of this paper.

E (meV)

0.0

Ill. DATA ANALYSIS 2.0 : o
0.0 0.8 1.6 24 32 4.0

Q (A"
The primary guantities determined in our experiment are

SsH(Q,E) and SysHQ,E) which correspond essentially to  FIG. 1. Contour plot showingSs(Q,E) for liquid para-H at
the double-differential scattering cross sections with andr=16 K under saturated vapor pressure. See text for the precise
without spin flip, respectively, as a function of momentumrelation of this magnitude t&;,.(Q,E).
and energy transfer. For a system composed.ofiidlecules
and neglecting the very weak magnetic scattering effects be- _ 2 .2 .9
tween the neutron and the nuclear dipole moments, spin flips SsH(Q/E)=Cortno 3 Tincotl Jo(QUI2) +2]5(QUI2)]
of neutrons with a wavelength 4 times larger than the inter- X Sincon( Q. E). (11)
atomic distanced=0.74 A) can only arise through interac-
tions with the molecular nuclear spin operator. The formulas
derived by Sarnfaand Young and Kopp#l are specially . ) .
useful in this context since they make explicit allowance fort'onalI conceftzrzgcgogs of bft;‘s t%/pbes 0; trr?glecules tlﬂ the
the various intramolecular degrees of freedom, which trans§ahmp_e"TC°Bh_ .I ¢ ’(’ti"COh_f ' dé, Izin thEh(X) are the
late themselves into an effective dependence of the neutrofyP/1€rcal BESSEL functions o ordér For he range oR

scattering cross sections with intramolecular quantum num\_/alues covered in our experiment, the contributions arising

bers and momentum transfer. These formulas are derivef om the second-order spherical Bessel function can be ne-

; . ted. Figures 1 and 2 show, respectively, contour plots of
under the assumption that the molecular nuclear spin oper jec . ) ' !
tors of different molecules are not correlated in the quuid%qe experimental magnitude3Sse(Q,E) and Syse(Q,E)

phase(i.e., the molecules are not “aligned”With E;=8.60 _%SSF(Q.’ E), which, negl_ecting the diatomic form faf:tors
meV, the neutrons cannot promote the 0 to J=I1 rota.  and fractional concentrations, are close approximations to

tional transition(para-ortho conversionwhich requiresgg; fS‘"COh]SQ’hE.) antiscoh(?'Et) arf1d tzhow In alrelat|tv<|aly modelt—_
=14.7 meV so that, in practice under our experimental conlr€€ fashion the extent o € experimental separation

ditions and subject to the approximations mentioned aboveaChieVed by neutron polarization analysis. For our guantita-

we can expect only neutron-scattering events in which thélve analysis, we used EqfL0) and(11) to determine indi-

rotational quantum numbers of the individual molecules ard/1dually Sincon(Q.E) and Son(Q,E). Once these magni-

not changed. For the residual populationJof1 orthoH, tudes have been obtained, two further assumptions, namely,

molecules these transitions give rise to both nuclear spin-fli{é.') that the molecules can be treated, at least in their transla-

and non-spin-flip events and there is both coherent and inc ional degrees of freedom, as distinguishable Boltzmann par-

herent scattering, while for the majority of tle-0 para-B _ticles an(_j(ii) that theCotno/Cpara ratio is l_<npwn, allow the
molecules in the sample, the scattering events will result iﬁntroo_luct!on of the Self’SS(.Q’E)’ an_d d'St'm.:t’S_d(Q’E)'
only coherent scattering: contributions to the dynamic scattering function:

A. Theoretical background

In the above formulas;,n, and ¢y, denote the frac-

Sncoh(Q,E)=SS(Q,E), (12)
SnsHQ,E)
:Cortho% Uincoh[jS(Qd/2)+2j %(lez)]sincoh(Q:E) Scon(Q,E)=S(Q,E) +Sy(Q,E). 13
+ CorthoTeor ] 5(QdI2) +2)5(Qd/2) 1Seor(Q,E) Through double space-time Fourier transformation, the latter

i scattering functions can be related to the corresponding van
+ CparaTcohl o( Qd/2) Scon(Q,E), (10 Hove correlation functions:
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FIG. 2. Contour plot showin@NSF(Q,E)—%SSF(Q,E) for lig- 100
uid para-H at T=16 K under saturated vapor pressure. See text for
the precise relation of this magnitude 8,,(Q,E). Same color : ) )
coding as in Fig. 1. 0'0—8.0 -4.0 0.0 4.0 8.0
E (meV)
S(Q,E)= if f el (QR-EMIG (R, t)dtd®R, (14) FIG. 3. Constan® cuts ofS4(Q,E) for liquid para-H atT=16
2m K under saturated vapor pressure. Solid diamonds are fully cor-

rected experimental data. The solid line represents the best fit to

these data, consisting of the convolution with the instrumental reso-

lution of the two damped harmonic oscillator model discussed in

» i the text. Individual damped harmonic oscillator contributions are

Note that as an additional assumption, we are not conteMngicated by the dashed liné< 1) and dot-dashed lind € 2).

plating the possible dependence of galf and distinct van

Hove correlation functions on the intramolecular quantumgr previous study,where we found that for the range 0.6

numbers. <Q=2.0 A !the experimental data & Q,E) were com-

patible with Sy(Q,E) being represented by a sum of two

B. Comment on Sy(Q,E) damped harmonic oscillatotDHO) terms!’ each corre-

The broad instrumental resolution functieiriangular line ~ SPonding to the individual collective modes presumed to

shape with full width at half height of 3 mé\precludes any ~contribute to the spectra:
guantitative analysis of th&,(Q,E) surface. The observed

1 .
Sd(Q,E):Ej Je['(Q'R’E”"”Gd(R,t)dtd3R. (15)

scattering is found to consist of a single spectral component "
centered aE=0 throughout all the accessible range of mo- Su(Q.E)=[n(E)+1] Z’l Zi(Q)
mentum transfers and originating in the translational diffu-

sion of singleJ=0 molecules. 4EE; ol o

X 2 2 N2 2r2 (16)
C. Model for S4(Q,E) (B°= Q7)™ +4ETi o

In order to interpret the experimentally determinedHere E; o stands for the bare energy of oscillatiorl’;
S¢(Q,E) it is useful to compare it, by means of nonlinear stands for the damping parameter in energy units, the renor-
least-squares-fitting procedures, to models suited to the pamalized energy is given bﬁin=(Ei2’Q+Fi2’Q)1’2, Zi(Q)
ticular region of energy and momentum transfer which hasepresents the oscillator strength, dndE) + 1] is the Bose
been sampled. The models need to be convoluted with theccupation factor. In Ref3 a model with only one DHO
instrumental resolution function. Figures 3 and 4 show plot{N=1) was found to be valid belo®@=1.6 A~ but above
of S4(Q,E) at constant values dD. The strong line-shape this value of momentum transfer, a second DHO improved
asymmetry shown by th©=1.8 and 2.0 A* spectra, sug- significantly the goodness of the fit.
gestive of two broad spectral components of different rela- As shown in Figs. 3 and 4, the spectral features obtained
tive intensities, leads to two clear maxima f@r=2.2 and from our polarization analysis can also be adequately de-
2.4 A~1. This observation is consistent with the results ofscribed by including two DHO in the model f@&;(Q,E).
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FIG. 4. Constan® cuts ofSy(Q,E) for liquid para-H atT=16

na FIG. 5. Q-dependence of the best fit model parameters. Solid
K under saturated vapor pressure. Symbols as in Fig. 3.

circles refer to the first damped harmonic oscillator and open circles
to the second one. Th&(Q) intensity parameters are shown(a).

. . Renormalized energies are shown(b) and damping coefficients
The best fitting parameters show tRedependences illus- are shown inc).

trated in Fig. 5. The values of the renormalized frequencies

for the first DHO {=1) show a minimum nea®=2 A1,

where the corresponding oscillator strength reaches its maxiime that this separation has been reported for a molecular
mum value. This leads to the identification of the excitationfluid composed of small molecules. We remark here that
as the analog in the liquid of a longitudinal acoustic mode indespite the closeness to the gquantum regime in the transla-
a periodic medium. An immediate result from data obtainedional degrees of freedom, our analysis has shown that the
with polarization analysis is that the need to include a secondlassical partition into distinct and self scattering contribu-
DHO in our partition of S4y(Q,E) rules out our previous tions seems to be valid within the limits of our experimental
speculation of the extra contribution being due to a singleuncertainties. The observed qualitative behavior for the
particle density-of-states term. Both DHO's are found to berenormalized frequency of the first DHO agrees well with the
not overdampedthe overdamped regime being defined asobservations made in other liquids, both in the classical and

Fé/QZQ>1 (Ref. 17]. quantum regimes, reflecting the lower cost in energy needed
to create relatively short-lived collective excitations when
IV. DISCUSSION their W_avelen_gths approach the accredited distance between
first-neighboring molecule¥
As mentioned in the Introduction, our access to tQeK) From a theory-of-liquids perspective, the confirmation of

space in the experiment reported in this paper has been limthe collective character of the response being modeled
ited to a region neaQ=Qp=2 A~! where a first maxi- through the second DHO would imply the breakdown of the
mum in the liquid static structure factor, arising from first- single-mode approximation for the analysis of the neutron
neighbor molecular contributions, is expected. For thisresponse in this system, provided that it cannot be assigned
reason, we digress first on the direct consequences of otw a multiexcitation contribution. This point cannot be re-
reported experimental data and then examine them in thesolved on the basis of the present experimental evidence,
context of those extracted from neutron spectroscopy withouwvhich does not explore the dependence on the thermody-
polarization analysis. Finally, we relate our results to thosenamic conditions of the neutron response. However, esti-
obtained on other hydrogen liquid mixtures. mates of the double-excitation contributions, corresponding
Our experimental approach has enabled the experimentg the first DHO, can be made following Graf al!® It is
separation of the coherent and incoherent dynamical scattefeund that the latter is more prominent for energy transfer
ing functions. To the limit of our knowledge this is the first values corresponding to multiples and combinations of the
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local maxima and minima in the single-excitation dispersion 80
relation. Given the fact that renormalized energies for the
second DHO},4, do not seem to correspond to any of
this favored combinations and since the observed spectre | ) ©
features are of noticeable intensity, we explore an alternative "
explanation. Since the values fdi,, resemble those 50| .
expected for a branch of optical character near the origin of_.
the second Brillouin zone in a single crystal, we draw g 4o | .
further the known analogy between the liquid response ancf
that corresponding to a polycrystalline average. We recall 30 = .
that for polycrystals, first-principles calculations for .

monoatomic Lennard-Jones systems by de Wette anc 2°f .
Rahmar’ early found that an average dispersion curve .
was not a good description for wave vectors in excess of T

the values corresponding to Bragg peaks. This average dis ,

70 O

oo
o
[ ]

2.0 25

persion relation showed a nonzero minimum near the posi-  %° 05 10 Q(A_,‘)-f’
tion of the corresponding to the first Bragg peak, resembling
our experimental findings ne@=2 A~1. Similar behavior FIG. 6. An overall comparison of the existing experimental and

is expected in isotropic amorphous materials where modeheoretical data for the renormalized energies of the collective ex-

calculations for acoustic modés?show a finite-energy dis- citations in liquid para-h, plotted as a function of wave number.

tinct response with a minimum nedp due to diffuse Squares are taken from three-axis neutron spectroscopy without po-

Umklapp scattering, mainly from transverse acoustic excitalarization analysigRef. 3, solid squares refer to a first DHO and

tions. open squares to a second DHO. Circles refer to the present paper
In agreement Wlth prev|ous Observatlons |n ||qu|d normaldata: solid circles refer to a first DH(]Dng|tUd|na| acoustical char-

D, 9,10.23the wave vector dependence n€y seems to be acte) and open ones to a second DHO. The solid line represents the

well accounted for by a parabolic dependence of the typéorrelated density matrix result in the single mode approximation

proposed by Landau in the context of roton excitations in"€a" the triple point, taken from Ref. 8.

“He, with an excitation gapAy,=1.65 me\V=A, /12,

where Ap,=2.26 meV is the value recently reportédor

liquid normal D, near its triple point. The comparison of the V. CONCLUSIONS

results for the two liquids can be understood if we assume The combination of time-of-flight neutron spectrometry
the existence of a diffuse Brillouin zone limit ne@p/2,  with polarization analysis on a multidetector instrument has
within the time scales probed by neutrons in our experimentenabled the experimental separation of the coherent and in-
where the dispersive behavior shown in the I@Qwimit is  coherent contributions to the scattering double-differential
reflected. Normal liquid B showing, near its triple point, a cross sections from liquid para-hydrogen. From these, it has
positive dispersion leads to higher excitations energies nedreen possible to derive the distinct contribution to the dy-
Qp than those found in liquid para,HTo establish this con- namical scattering function§;(Q,E) and study its wave
clusion, we need to gauge our degree of confidence in theumber dependence near the first maximum of the structure
results obtained previously without polarization analysis. Tdfactor of the liquid. Two branches have been identified,
this extent, Fig. 6 shows a composite picture of the resultgvhich agree well with those previously derived from line-
obtained from neutron-scattering experiments with ancshape analysis of experiments with unpolarized neutrons.
without® polarization analysis and the theoretical single-one of the branches seems to represent collective excitations

mode prediction near the triple point based in the correlate@' l0ngitudinal acoustic character. We propose that the sec-
density matrix approach, taken from Ref. 8. We find that theond branch corresponds to collective excitations of optical
' haracter, although a multiexcitation origin cannot be ruled

overlap between the two sets of experimental data is ver Th : ithin the i | lored i
satisfactory, both for the first and second DHO's, and con- ut. The existence, within the time scale explored in our

siderably reinforces our knowledge of the collective behavio£XPeriment, of a diffuse B_rlllogm zone with limit .ar.ound
near Qp. Strictly speaking, the absence of polarizationQP/2 seems to help to rationalize the observed distinct re-

analysis results fo<1.6 A ! places higher uncertainties sponse and the comparison of the excitation gap values near

in the conclusion drawn about the fact that the hydrodynamigp fqr I|qu_|d parg-l—lz and liquid normal [ near their re-
sound limit at lowQ seems to be approached by the firstSPECtive riple points.

DHO from low energiegnegative dispersionbut it seems
implausible that in this region 0@ the observed branch
should deviate from the previously reported behavior, which The authors would like to thank Boris Toperverg for
itself marks a striking difference with the observation of many fruitful discussions. This work was supported in part
positive dispersion in liquid normal 1 by Spanish DGICYT through Project No. PB92-0015.
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